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Hot electrons confined in a Penning trap at 3 tesla self-cool to near room temperature in a few 
seconds by emission of cyclotron radiation. Here, we show that such cold electrons can 
"sympathetically" cool, in -10 s, laser desorbed/ionized translationally hot Au- or C70 ions 
confined simultaneously in the same Penning trap. Unlike "buffer gas" cooling by collisions 
between ions and neutral gas molecules, sympathetic cooling by electrons is mediated by the 
mutual ong-range Coulomb interaction between electrons and ions, so that translationally hot 
ions can be cooled without internal excitation and fragmentation. It is proposed that 
electrosprayed multiply charged macromolecular ions can be cooled sympathetically, in the 
absence of ion-neutral collisions, by self-cooled electrons in a Penning trap. (J Am Soc Mass 
Spectrom 1997, 8, 793-800) © 1997 American Society for Mass Spectrometry 
R 
eduction of ion translational nd internal energy 
prior to detection is essential for achieving ion 
~stability as well as high mass resolving power 
and sensitivity in both Penning (Fourier transform ion 
cyclotron resonance, or FT-ICR) and Paul (quadrupole) 
ion trap mass spectrometry. Translational cooling is 
also required to relax ions to a region near the trap 
center for laser-induced fluorescence of mass-selected 
molecular ions [1]. 
Seven primary methods are available for transla- 
tional cooling of trapped ions and/or  electrons: (a) 
buffer gas cooling [2-5], (b) adiabatic ooling [6-81, (c) 
evaporative cooling [9-12], (d) radiative cooling [13], (e) 
resistive cooling [13], (f) laser cooling [14, 15], and (g) 
sympathetic cooling [16, 17]. Although widely known 
in the plasma physics literature [18], several of these 
techniques are only now penetrating the "chemical" 
mass spectrometry community. Specifically, (a) colli- 
sions of ions with a "buffer" gas serve to cool atomic 
and molecular ions in both Penning and Paul traps. In 
FT-ICR MS, buffer gas cooling is essential for axializing 
ions by azimuthal quadrupolar excitation to convert 
magnetron motion to cyclotron motion, effectively 
"shrink wrapping" an ion cloud to a compact packet 
[2, 31. (b) In FT-ICR MS, if the dc trapping potential is 
much higher than the ion kinetic energy, ions may be 
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cooled by adiabatically owering the trapping voltage to 
allow free expansion of the ion cloud. (c) In both 
Penning and Paul traps [19l, ions may be cooled 
"evaporatively" by lowering the trapping potential 
stepwise and allowing the (translationally) hottest ions 
to escape. The remaining ions then relax to a new 
(lower) temperature. At ultrahigh vacuum, evaporative 
cooling can yield very cold ions [12]. (d) In a strong 
magnetic field, electrons elf-cool very efficiently ( -1 s 
damping constant at 3 tesla) by radiative mission (see 
below). (e) Ions undergoing periodic motion in an ion 
trap may be cooled by their resistive heating of the 
external circuit connected to the trap electrodes [13]: 
ions dissipate nergy by inducing an electric urrent in 
the circuit. Resistive cooling is especially effective for 
electrons and ions of low mass-to-charge ratio, m/z, in 
both Penning and Paul traps. (f) Atomic ions may be 
cooled by irradiation from opposed laser beams that 
reduce the ion velocity by repeated (directional) absorp- 
tion and (nondirectional) emission. (g) In "sympathetic" 
cooling in Penning or Paul traps, self-cooled electrons 
or laser-cooled atomic ions can cool polyatomic ions by 
mutual long-range Coulomb interactions. Advantages 
of ion cooling for FT-ICR MS include: enhanced mass 
resolving power and mass accuracy, MS/MS detection 
efficiency, peak height-to-noise ratio, ion remeasure- 
ment efficiency, trapping efficiency for externally 
ejected ions, off-axis ion injection efficiency, etc. 
Sympathetic ooling was first demonstrated in a 
storage ring by passing a velocity-matched electron 
beam through an ion beam circulating in the storage 
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Table 1. Prior examples of sympathetic cooling 
Final temperature 
Reference Cold ions Hot ions of hot ions 
Larson et al. [16] Laser cooled 104 Be + 10 a Hg + 1.8 K 
Boll inger et al. [21] Laser cooled 10 s Mg ÷ 103 Be + 0.25 K 
Gabrielse et al. [17] Self-cooled electrons Ant iprotons 0.1 eV 
Imajo et al. [22] Laser cooled Be ÷ Cd ÷ 1 K 
Hall et al. [25] Electrons Protons 5 eV 
ring to reduce the translational energy of the ion beam 
[20]. Wineland's group carried out the first sympathetic 
cooling in a Penning trap [16] and sympathetically 
cooled Hg + ions to 1.6 K by laser-cooled Be + ions. In 
another experiment, Wineland's group sympathetically 
cooled Be + ions to 0.25 K and also achieved axialization 
of Be + ions by use of laser-cooled Mg + ions [21]. 
Recently, Cd + ions have been cooled sympathetically 
below 1 K by Coulomb interactions with laser-cooled 
Be + ions confined simultaneously in the same Penning 
trap [22[. Gabrielse et al. have demonstrated sympa- 
thetic cooling of trapped antiprotons by Coulombic 
collisions with self-cooled electrons in a Penning trap 
[17, 23, 24]; antiprotons could thus be cooled to 0.1 eV in 
10 s in a Penning trap at 6 tesla. Recently, Hall and 
Gabrielse [25] have cooled protons from -60  to -5  eV 
by cooling electrons in a nested Penning trap, thereby 
achieving the first demonstration of sympathetic cool- 
ing of ions by simultaneously trapped ions of opposite 
charge. Prior examples of sympathetic cooling are sum- 
marized in Table 1. In this article, the first application of 
sympathetic cooling for FT-ICR mass spectrometry is
demonstrated. 
Electron Self-cooling 
Charged particles exhibit three natural motions in a 
Penning trap (i.e., a region of spatially homogeneous 
magnetic field) and axial (along the magnetic field 
direction) three-dimensional quadrupolar electrostatic 
potential [13]: cyclotron rotation at frequency, o~+, mag- 
netron rotation at frequency, c0 , and axial linear oscil- 
lation at frequency, %. 
,r 2 2 
09 c ILO C 09~ 
=--+ ,i I ~ (1) o~+ 2 - ~ 4 2 
IGEqVT 
~o z = \/ ma 2 (2) 
in which 
qB 
o~ c = - -  (cgs units) (3) 
mc 
is the "unperturbed" ion cyclotron frequency (i.e., cy- 
clotron frequency in the absence of electric field), a is a 
trap geometric factor (2.77373 for a cubic trap) [26], q 
and m are ion charge and mass, V T is the voltage 
applied to each end cap electrode, a is the length of one 
side of the cube, and c is the speed of light. For electrons 
atB = 3T,  a = 4.60cm, andV v = 9 V, 
O)÷ 09  
84 GHz, 7 -  - 0.72 kHz, (4) 
2~r Z' / r  
O)z _ 
11 MHz, and 7--- = 84 GHz 
2rr zrr 
Radiat ive  Damping  
By Maxwell's laws, an accelerating charge radiates 
electromagnetic waves, thereby continuously losing (ki- 
netic) energy [27]. It is well known that this radiation 
damps the charged particle's motion [28]. Because the 
transition probability for such electric dipole radiation 
is proportional to the square of the oscillation or rota- 
tion frequency of the charge, appreciable radiative 
decay occurs only for high-frequency motions [13]. 
Thus, for protons or heavier ions in FT-ICR MS, the 
(cyclotron) motional frequencies fall in the radiofre- 
quency range, and radiative decay is negligibly slow 
(e.g., 5.9 × 107 year time constant for singly charged 
ions of 100 u at 3 tesla). Radiative decay is also 
negligible for electron magnetron motion, and is slow 
even for electron axial oscillation (e.g., 266-day time 
constant at -9  V trapping potential in a 1.875-in. cubic 
trap). However, electron cyclotron rotation in a strong 
magnetic field is so fast that radiative decay becomes 
the dominant energy relaxation mechanism at low 
neutral pressure (-<10 s torr). 
Following Feynman's treatment of the theory of 
radiation damping [29], Comisarow [30] noted that 
radiation damping of molecular ions in ICR is negligi- 
ble as a relaxation mechanism. However, cooling of 
electrons by radiative damping in ICR was not consid- 
ered by Comisarow. 
Brown and Gabrielse [13] evaluated the radiative 
damping rate constant for ions in a Penning trap: 
dE 
- ycE (5) 
dt 
E(t) = E o exp ( -yc  t) (6) 
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Figure 1. Electron cyclotron kinetic energy vs. time during the 
period of electron confinement in the analyzer trap, for each of 
several magnetic field strengths. Note that electrons self-cool in a 
few seconds at 3 tesla by radiative mission. 
4e2co 2 co+ 4e2~o 2 
Yc = 3mec 3 co+ - co_ -'~ 3mec -~ (cgs units) (7) 
in which E, r, e, and m e are the cyclotron energy, 
cyclotron radius, elementary charge, and electron mass. 
For electrons in a 3 tesla magnetic field, the time 
constant, 7, for exponential decrease in electron cyclo- 
tron energy, is 
T ---~ "~c I = 0 .29  S (8 )  
The experimental value of ~- is a few times longer than 
the value calculated from eq 8, because the Penning trap 
electrodes do not provide an ideal microwave cavity for 
electron cyclotron radiation [13]. 
Figure 1 shows electron cyclotron (kinetic) energy as 
a function of time, for electrons of 7 eV initial cyclotron 
kinetic energy, in magnetic fields of 3, 7, 9, and 20 tesla. 
Note the much faster self-cooling at higher magnetic 
field. Moreover, because of imperfectly quadrupolar 
electrostatic trapping potential, electron cyclotron rota- 
tion will couple with axial oscillation [23, 31, 32]. Thus, 
radiative self-cooling of electron cyclotron motion will 
also effectively cool electron axial motion, and the 
electrons hould quickly cool to near room temperature 
in a few seconds even at a magnetic field of 3 tesla. 
Sympathetic Cooling 
In "buffer gas" cooling, a cold neutral gas cools trans- 
lationally hot ions by ion-neutral collisions. In "sympa- 
thetic" cooling, cold electrons or ions cool translation- 
ally hot ions by electron-ion or ion-ion Coulomb 
interactions. The exponential time constant, ~-, for en- 
ergy damping by sympathetic cooling is given by [33] 
3mcmH c3 
~-(cooling) = 8(21r)l/2ncq2q 2 In A 
(kTc  + kTH 13/2 
" \m--y (cgs units) 
in which mc, qc, Tc and r/H, qH, TH are  mass, charge and 
temperature of cold and hot ions; nc is the number 
density of cold ions; c is the speed of light; and k is 
Boltzmann's constant. In A arises from a cutoff in the 
integration over impact parameters due to Debye 
shielding of the Coulomb force; In A has typical values 
of 10-20 during the cooling process [23]. 
As an example, for sympathetic cooling of trapped 
negative Au-  ions by self-cooled electrons, mc = me, qc 
= e, nc = ne = 107 cm 3 [the maximum density for 
electrons in a 3 tesla Penning trap is ne (max) ~ 4 × 10 ]3 
cm-3] ,  kTc = 0.026 eV (room temperature), In A = 15, 
m H = 197 u, qH = ¢, and kT  H = 2 eV we have 
~-(cooling) ~ 2 s (10) 
The cooling time for highly charged ions (as from 
electrospray ionization) will be even shorter because 
(see eq 9) ffcooling) is inversely proportional to the 
square of ion charge. 
The ion initial energy distribution is determined by 
the ion source: translationally hot molecular ions may 
result from matrix-assisted laser desorption (MALDI) 
or electrospray ionization (ESI). Thereafter, cold ions 
such as self-cooled electrons and laser-cooled atomic 
ions can reach thermal equilibrium rapidly [34-36]. 
Experimental 
The present experiments were conducted with a 3 tesla 
FTMS-2000 instrument (Finnigan FTMS, Madison, WI) 
equipped with 1.875-in. dual cubic traps (Figure 2), and 
an Odyssey ® data system. Laser desorption/ionization 
was performed with a Nd:YAG laser (Surelite I, Con- 
tinuum, Santa Clara, CA) operated at 532 nm 
(-100 mJ/pulse) or 1064 nm (-300 mJ/pulse), with a 
pulse width of -6  ns. The Nd:YAG laser beam was 
directed through a quartz window on the analyzer side 
of the main vacuum chamber and focused by a I m focal 
length lens through a 2 mm diameter conductance limit 
to a spot size of -0.5 mm 2 on the probe on the source 
side of the main vacuum chamber. A pulse of electrons 
was generated by a voltage gate in front of a filament 
outside the magnet cryostat. Figure 3 shows the method 
of trapping electrons. Electrons are trapped by raising 
the analyzer end cap potential to admit electrons and 
then lowering the potential on the analyzer end cap to 
confine electrons for subsequent self-cooling and sym- 
pathetic ooling. 
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Figure 2. Schematic diagram of a dual cubic Penning trap for 
production of self-cooled trapped electrons for sympathetic cool- 
ing of trapped negative ions. 
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Figure 4. FT-ICR MS experimental event sequence for sympa- 
thetic cooling of trapped negative Au ions by self-cooled elec- 
trons (see text). 
Figure 4 shows the FT-ICR MS experimental event 
sequence. Hot Au ions were generated from a thin (20 
nm) gold film on glass [37] by laser desorption and 
allowed to enter the analyzer trap by setting the voltage 
on the conductance limit to 0 V. The source end cap was 
held at 0 V during laser desorption. The conductance 
limit voltage was then decreased to -3  V from 0 V to 
confine Au-  ions in the analyzer trap after Au ions 
were allowed to pass from the source trap through a 2 
mm conductance limit plate (see Figure 2). The analyzer 
end cap was held at -3  V during the gated trapping of 
Au-  ions. After 0.5 s of trapping Au-  ions, both the 
conductance limit voltage and analyzer end cap voltage 
were decreased from -3  to -9  V. After another 2 s of 
waiting, the electron gun gate was opened for 8 s. 
Therefore, the total time elapsed between the genera- 
tion of Au ions and the generation of electrons was 
~ - 5 . 0  V 
90 v/  7'nJ eli° ;°'ns 
A A 
I I 
I I 
I I 
I I 
I I 
-9.0 V -9.0 V 
Conductance Limit Analyzer 
Electrode Front End Cap 
Electrode 
Figure 3. Electrostatic potential along the magnetic field (axial) 
direction in the analyzer Penning trap. Top: during electron 
injection. Bottom: during electron confinement period. Electrons 
are trapped by raising the analyzer end cap potential to admit 
electrons (top) and then lowering the potential on the analyzer 
trap plate to confine lectrons for subsequent self-cooling and for 
sympathetic cooling of negative ions. 
2.5 s. During this period, neutral Au atoms were 
pumped away (see next section). Next, the electron gate 
was opened and the analyzer end cap voltage was 
increased from -9  to -5  V for 3 s (at this potential, Au 
ions remained trapped in the analyzer trap), as shown 
in Figure 3. During this period some electrons from the 
hot-filament electron gun ( -7  eV kinetic energy, -5  cA 
current) may be trapped in the analyzer compartment. 
Immediately thereafter, the analyzer end cap voltage 
was decreased from -5  to -9  V to provide for gated 
trapping of electrons. It is estimated that -10,000,000 
electrons were captured in the trap. Once the electrons 
are inside the analyzer trap, the analyzer end cap 
voltage was held at -9  V to confine both electrons (and 
Au ions) for 20 s or more. During that time, the 
trapped electrons elf-cool by cyclotron radiation (in a 
few seconds) and the cold electrons then sympatheti- 
cally cool the Au-  ions. Finally, the analyzer end cap 
and conductance limit potentials were increased to -0.5 
V, and dipolar cyclotron excitation/detection was used 
to see if the Au ions are sufficiently cold to remain 
trapped. (In a separate control experiment, he same 
steps were repeated, but without he pulse of electrons.) 
Coherent ICR motion was excited by dipolar frequency- 
sweep excitation (-80 V~p ,), (2.7 kHz-2.4 MHz at a 
sweep rate of 400 Hz//zs). Fourier transformation f the 
resulting time-domain signal (128 K data points) with- 
out zero-filling or apodization, followed by magnitude 
calculation and frequency-to-mass conversion yielded 
FT-ICR mass spectra shown in Figure 5. CG was de- 
tected with similar procedures to yield the spectra 
shown in Figure 8, with modifications noted below 
(e.g., excitation from 3-475 kHz at a sweep rate of 400 
Hz//~s). 
Results and Discussion 
Au ions produced by Nd:YAG laser desorption have 
high initial kinetic energy, but may be still confined in 
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Figure 5. Negative Au- ions with (top) and without (middle) 
sympathetic cooling for 25 s by trapped electrons, and (bottom) 
without rapping of Au-  ions, but with trapped electrons. See text 
for details. 
a Penning trap by setting the trap voltage to -3  V 
(Figure 6b). However, if the trap voltage is increased 
from -9.0 V to the range of -0.2 to -0.8 V, most of the 
ions escape from the trap (Figure 5, middle spectrum 
and Figure 6b). In contrast, if the Au-  ions are confined 
10 
8 
6 
4 
0 
(a) W'rth sympathetic e" cooling for 25 s 
(b) Without e" in Penning trap 
(c) Without trapping of Au" ions 
but with e" in Penning trap 
14 . . . . . . . . . . . . . . . . . . . . . . .  
= y "~ 12 
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V d = Analyzer Trapping Voltage (V) 
Figure 6. Negative Au ions, (a) with and (b) without sympa- 
thetic cooling for 25 s by trapped electrons, and (c) without 
trapping of Au- ions, but with trapped electrons for different 
lowered analyzer trap voltages, V~ (V). Each data point represents 
an average of three measurements, and the error bar [too small to 
show in (¢)] is the standard eviation. 
in the same trap in the presence of (rapidly self-cooled) 
electrons, the Au-  ions are quickly cooled to near room 
temperature (<0.13 eV) by the cold electrons; the trap 
voltage may then be increased from -9.0 V to the range 
of -0.2 to -0.8 V while still confining the (now cold) 
Au-  ions, as evidenced by their strong FT-ICR mass 
spectral signal [Figure 5 (top) and Figure 6a]. For a trap 
potential of -0.2 V, the well depth of a cubic trap is 
(2/3) 0.2 eV ~- 0.13 eV. Therefore, based on the strong 
FT-ICR signal for Au-  ions at -0.2 V trapping voltage 
in Figure 6a, the Au-  ion kinetic energy must be less 
than 0.13 eV. 
Can Cold Penning-trapped Electrons Attach to 
Laser-Desorbed Neutral Au Atoms in 
this Experiment? 
The answer is no, for three reasons. First, relatively few 
neutral Au atoms are generated by laser desorption in 
10 ns. The laser spot diameter is -0.5 mm 2 and the gold 
film is -20  nm thick. Therefore, it can be estimated that 
the sum of Au atoms and Au ions as --1017 per laser 
pulse (for an Au atomic volume of -14  × 10 _3 nm3). 
During laser desorption the ion gauge reading in the 
source trap side did not change. Therefore, we believe 
that the Au atoms are quickly pumped out by the 2000 
L/s  cryopump. Second, our sympathetic cooling exper- 
iment is performed in the analyzer trap, and the num- 
ber of Au atoms that transit he 2 mm conductance limit 
to enter the analyzer trap will be even smaller. (During 
laser desorption/ionization the ion gauge in the ana- 
lyzer trap side also did not change.) Third, the most 
solid evidence is the experimental result. The interval 
between laser desorption/ionization a d generation of 
pulsed electrons is 2.5 s (see Figure 4). To check that all 
the Au atoms in the analyzer trap are pumped out 
during this period, we increased both the conductance 
limit voltage and analyzer end cap voltage to 0 from -3  
V so that Au-  ions are not captured in the analyzer trap 
during the laser desorption/ionization step. Then, 0.5 s 
after laser desorption/ionization, we dropped both the 
conductance limit voltage and analyzer end cap voltage 
to -9  from 0 V. After waiting for 2.5 s after laser 
desorption/ionization, the electron gate was opened 
and electrons were trapped in the analyzer trap. After 
waiting another 28 s both the conductance limit voltage 
and analyzer end cap voltage were increased to 0.5 V 
and ICR excitation/detection performed. The bottom 
mass spectrum in Figure 5 shows no FT-ICR signal from 
Au-  ions when the dc trapping potential in the analyzer 
trap is set to zero during the laser desorption process 
(with all other parameters unchanged). Figure 6c also 
gives evidence of no Au ions when the dc trapping 
potential in the analyzer trap is set to zero during the 
laser desorption process for each of several analyzer 
trap voltages during the FT-ICR measurement. There- 
fore, it is believed that the Au-  ions detected in Figure 
5 (top), Figure 6a, and Figure 7a (see below) cannot 
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Figure 7. Negative Au ions (a) with and (b) without sympa- 
thetic cooling by trapped electrons at lowered analyzer trap 
voltage, V a = -0 .5  V for different periods of trapping of Au ions 
wi th/wi thout  electrons. Each data point represents an average of 
three measurements, and the error bar is the standard eviation. 
result from attachment of cold electrons to neutral Au 
atoms produced by laser desorption. In summary, sym- 
pathetic electron cooling for 25 s (Figure 6a) obviously 
produces a much larger FF-ICR signal at any trapping 
voltage during data acquisition than without electrons 
in the analyzer trap (Figure 6b) or without trapped Au-  
ions in the analyzer trap during the laser desorption 
process (Figure 6c). 
Cooling by Background Buffer Gas 
The pressure in the source trap is -2  × 10 -8 torr. 
Because our ion gauge can register pressure only down 
to 1 × 10 -9  torr, the pressure in analyzer trap is 
probably at most -1  × 10 -9  (given that the ion gauge 
reading is 0 × 10 -9  torr). The collision rate between 
Au-  ions with background gas is 
")/collision = nB~rv (11 ) 
in which n B is the number density of background 
neutral gas molecules, ~r is the cross section for colli- 
sions between Au ions with background gas, and v is 
Au-  ion velocity. For the background gas at room 
temperature and 1 × 10 -9 torr pressure, nB ~- 3 × 10 7 
cm -3. 
For an assumed collision cross section, ~r ~ 10 -15  
cm 2, the collision rate for Au-  ions at 2 eV kinetic 
energy (v ~- 1.4 × 10 5 cm s -1) is 
~collision = (3 X 10 7 cm -3)  x (10 - is cm 2) 
× (1.4 × 10 5 cm s -1) = 4.2 × 10 -3  S -1 
(12) 
Thus, the collision cooling by buffer gas can be effective 
only when Au-  ions are trapped for a few hundred 
seconds. Collisions between Au-  ions and buffer gas at 
less than 1 × 10 -9 torr pressure cannot effectively cool 
Au-  ions in less than 100 s. 
Figure 7 gives the experimental result of (a) sympa- 
thetic electron cooling and (b) buffer gas cooling at 1 × 
10 9 torr pressure as a function of trapping period at 
lowered analyzer trapping voltage, Va = -0 .5  V (see 
experimental event sequence of Figure 4). From Figure 
7, it is clear that the buffer gas cooling becomes effective 
only after a trapping interval of more than 100 s, in 
agreement with the calculation from eq 14. In contrast, 
sympathetic electron cooling becomes effective after 
just a few seconds of simultaneous trapping of both 
Au-  ions and electrons. After 500 s confinement of Au 
ions, there is no noticeable difference between sympa- 
thetic electron cooling and buffer gas cooling (without 
electrons). The results in Figures 5, 6, and 7 definitively 
establish that trapped negative Au-  ions have been 
sympathetically cooled by self-cooled electrons in our 
FT-ICR mass spectrometer. 
Similar sympathetic ooling experiments with C70 
ions have also been performed. C70 ions produced by 
Nd:YAG laser desorption have high initial kinetic en- 
ergy, but may be confined in a Penning trap by apply- 
ing -9  V to each end cap. However, if the trap voltage 
is increased from -9.0 to -0.5 V, essentially all of the 
ions escape from the trap (Figure 8, top mass spectrum). 
In contrast, if the C70 ions are confined in the same trap 
in the presence of (rapidly self-cooled) electrons, the C~-0 
ions are quickly cooled to near room temperature 
(-0.025 eV) by the cold electrons; the trap voltage may 
then be raised from -9.0 to -0.5 V while still confining 
the (now cold) C70 ions, as evidenced by their strong 
FT-ICR mass spectral signal (Figure 8, bottom). The C70 
ions detected in Figure 8 (bottom) cannot result from 
attachment of cold electrons to neutral C70 molecules 
produced by laser desorption, because no C70 is seen 
when the dc trap potential is set to zero during the laser 
desorption process (with all other parameters un- 
changed). Moreover, buffer gas cooling is negligibly 
slow at the -10  9 torr pressure in the analyzer trap. The 
major difference between C70 and Au-  experiments i
the conductance limit diameter (5 mm for C70 ions and 
2 mm for Au-  ions). 
At sufficiently high electron (or ion) density, rotation 
of the ion clouds (both electrons and Au-  ions) about 
the magnetic field axis of the trap can produce a 
centrifugal separation of the ion species [38]. The cloud 
rotation frequency is like a magnetron rotation at much 
less than the cyclotron frequency. The rotation fre- 
quency is nearly independent of ion mass. The lighter 
j Am Soc Mass Spectrom 1997, 8, 793-800 SYMPATHETIC COOLING OF TRAPPED NEGATIVE IONS 799 
taneously in either a nested pair of Penning traps [25, 
39-41] or in a combined trap [42, 43]. In either case, the 
recombinat ion rate between electrons and posit ive ions 
must  be small. (d) Sympathet ic  ooling could be com- 
bined with two-dimensional  az imuthal  quadrupo lar  
excitation [2, 3], with the "buffer gas" effectively re- 
placed by self-cooled electrons. 
No e- Cooling 
. . . . . . . . .  , .  _1 . . .  L . . . . . . . . . . . . . .  
C70" 
Sympathetic 
e- Cooling 
/ 
830.00 840.00 850.00 
m/z 
Figure 8. Negative C70 ions, without (top) and with (bottom) 
sympathetic cooling by trapped electrons. See text for details. 
ions (electrons) tend to move radial ly inward (toward 
the trap axis), whereas the heavier ions (Au- )  move 
radial ly outward.  This separation of the ions continues 
unti l  both species are rotating at the same frequency. 
Uniform rotation is one characteristic of thermal equi- 
l ibr ium of a non-neutral  p lasma [38]. The higher-mass 
Au ions form a doughnut  around the lower-mass 
electrons. A l though the separat ion of the ion species 
l imits the thermal coupl ing between the species, sym- 
pathetic cooling has been demonstrated in this and 
other exper iments [16, 17, 21, 22, 25] due to the long- 
range nature of Coulomb interactions. 
Conclusion and Future Possibi l i t ies 
The present experiments uggest several other types 
and uses of sympathet ic  cooling in mass spectrometry. 
(a) Laser-cooled atomic posit ive ions could be used to 
cool highly charged high-mass electrosprayed molecu- 
lar posit ive ions to -1  K, thereby dramatical ly  reducing 
both the ion cyclotron and magnetron radii. (b) Self- 
cooled electrons could be used to cool e lectrosprayed 
mult ip ly  charged high-mass negative ions to near 
chamber temperature,  without fragmentat ion due to the 
long range nature of the Coulomb interaction. (c) Con- 
ceivably, self-cooled electrons could cool posit ive ions 
to near room temperature,  by confining both electrons 
and posit ive highly charged electrosprayed ions simul- 
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